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ABSTRACT
The focus of this study was to apply and evaluate two separate techniques for 
estimating of the completeness of combustion in a multi-cylinder engine fueled with 
compressed natural gas. The degree of correlation between such two independent 
estimates of the combustion completeness was sought.
One technique, with better time resolution and viewed to be more accurate, 
calculates the completeness of combustion on a cycle-by-cycle basis using in-cylinder 
pressure measurements. The technique utilizes the normalized pressure rise parameter 
due to combustion to describe the completeness of combustion.
The second technique evaluates the completeness of combustion based on time- 
averaged measurements of unbumed hydrocarbons in engine exhaust gases.
Both the in-cylinder pressure and exhaust gas composition data were obtained from a test 
multi-cylinder engine fuelled with compressed natural gas (CNG). The crank angle 
resolved pressure data were analyzed with combustion analysis software. The 
establishment of the correlation between the two estimates of the completeness of 
combustion could allow dispensing with elaborate in-cylinder pressure measurements.
The successful aspect of this investigation was to propose and test a new 
parameter that is strongly related to completeness of combustion. The advantage of the 
new parameter is that its calculation does not require computations of the pressure rise 
due to combustion and avoids difficulties associated with that procedure in finding such 
parameters as the polytropic exponents, the start and end of combustion, etc.
i
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CHAPTER 1
INTRODUCTION
Pressure measured in a spark-ignition engine under normal operating condition 
(fixed load and engine speed), exhibit substantial variations from one cycle to the next, 
and this phenomenon is called cycle-by-cycle variation. The sources of these variations 
are numerous and have been outlined in several reviews [1, 2, 3]. Following are the most 
important factors:
• Variations in mixture motion within the cylinder at the time of spark.
• Variations in the amounts of air and fuel fed to the cylinder each cycle (the 
air/fuel mixture is not homogeneous)
• Variations in the mixing of air-fuel charge and residual gases within the cylinder 
each cycle, especially in the vicinity of the spark plug
Cyclic variations increase by any factor that tends to slow down the combustion process, 
for example: lean mixture operation, exhaust gas residuals, and low load operation, (in 
part attributable to greater exhaust gas residuals, but also attributable to lower in-cylinder 
pressures and temperatures)
1
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In recent years, much attention has been given to cycle-by-cycle variations because of 
a trend to operate automotive engines with lean fueling and exhaust gas re-circulation 
(EGR) to increase fuel economy and reduce emissions.
In 1960 Soltau [2] suggested that if cyclic variations could be eliminated, there would 
be a 10 % increase in the power output for the same fuel consumption with lean mixture. 
Similar conclusions were drawn by Lyon (1986) [2], who indicated that a 6 % 
improvement in fuel economy could be achieved if all cycles burned at the optimum rate. 
Hence, many studies were carried out to simulate cycle-by-cycle variations. The common 
approach for simulation of cycle-by-cycle variation is to use mean cycle modeling, which 
is usually derived from ensemble-averaged pressure traces taken from an engine. Then 
the bum rate (mass fraction burned) parameter is calculated and used as input to engine 
modeling simulations to calculate other parameters, (for example, Indicated Mean 
Effective Pressure (IMEP), maximum pressure (P ̂  ), phase of the maximum pressure
(P ^X etc .)
Although the cyclic variability is detected in the bum rates, this data alone is not 
sufficient to model cycle-by-cycle variation accurately [3].
Recently Ball et al. [3] have proposed a new technique (referred to as the Ball’s 
technique hereafter) that simulates cycle-by-cycle variations accurately. They have 
introduced a new parameter called “completeness of combustion (X)”, which is derived 
from information contained in Rassweiler and Withrow [4] analysis of mass bum 
fraction. The completeness of combustion parameter is used along with bum rate 
variations to perturb the cycle simulation. Their results show good agreement between
2
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the experimental data and the modeled data in terms of IMEP, P ^  and the phasing of
max *
1.1 Objectives of the thesis
The objectives of the present thesis study are:
• To apply the Ball’s technique for estimating completeness of combustion to a 
multi-cylinder, Compressed Natural Gas (CNG) fuelled test engine.
• To evaluate and correlate the “completeness of combustion” technique with 
hydrocarbon conversion efficiency based on exhaust gas analysis.
• To propose an alternative completeness of combustion parameter to 
Ball’s parameter.
3
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CHAPTER 2
LITERATURE REVIEW
The major objective of this study was to apply and evaluate two separate 
techniques for estimating of the completeness of combustion in a multi-cylinder test 
engine fueled with compressed natural gas. The degree of correlation between two 
independent estimates of the combustion completeness, was sought.
One technique, with better time resolution and viewed to be more accurate, 
calculates the completeness of combustion on a cycle-by-cycle basis using in-cylinder 
pressure measurements. This technique utilizes the normalized pressure rise parameter 
due to combustion to describe the completeness of combustion.
The second technique evaluates the completeness of combustion based on time- 
averaged measurements of unbumed hydrocarbons in engine exhaust gases.
To assist in explaining this phenomenon it is necessary to explain some iterms, 
which are used in this proposal.
4
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2.1 Pressure Transducers
2.1.1 Introduction
The most common method of recording cylinder pressure in internal combustion 
engines to use piezoelectric pressure transducers. The piezoelectric pressure transducer 
works by emitting an electric charge proportional to the deflection of a diaphragm when 
exposed to cylinder pressure. The piezoelectric transducer is commonly used because of 
its wide frequency response and linearity over a large range of load.
2.1.2 Piezoelectric
In the 1880s, Pierre and Jacque Curie discovered that some crystalline materials, 
when compressed, produce an electric charge proportional to the applied pressure and 
that when an electric field is applied across the material; there is a corresponding change 
of shape (Figure 2.1). This characteristic is called piezoelectricity. The word 
“piezoelectricity” is derived from the Greek “Piezen” which means to press.
Piezoelectric pressure sensors are available in various shapes and thread 
configurations to allow suitable mounting for various types of pressure measurements. 
Quartz crystals (silicon dioxide, S i02) are used in most sensors to ensure stable, 
repeatable operation.
5
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Force
Figure 2.1. Illustrates the displacement of electrical charge due to the deflection of the 
lattice in a naturally piezoelectric quartz crystal. The larger circles represent silicon 
atoms, while the smaller ones represent oxygen [6].
2.1.3 Type of Pressure Transducers
There are two major modes for operation of piezoelectric transducers. 1) Charge 
mode or high impedance and 2) Voltage mode or low impedance
1. Charge mode pressure transducers or high impedance
Charge mode pressure sensors generate a high-impedance charge output. This 
high-impedance output must be converted to a usable low-impedance voltage signal for 
recording purposes. This is usually accomplished via an external charge amplifier or in­
line charge converter. Figure 2.2 illustrates a schematic of charge mode system.
Chars® TyP® Sensor Charge Amplifier Readout
Instrument
Figure 2.2. Charge Mode Pressure Transducer System [6].
6
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When the crystal is stressed, a charge is generated. This high-impedance output 
must be routed through a special low-noise cable to an impedance-converting amplifier. 
Use of a special low-noise cable is required with charge mode pressure sensors, because 
standard two-wire coaxial cable, when flexed, generates a charge between the conductors. 
This is referred to as triboelectric noise and cannot be distinguished from the sensor's 
charge output. Also environmental contaminants on the connector, such as moisture, dirt, 
oil, or grease contribute to reduced insulation, resulting in signal drift and inconsistent 
results. Therefore, it is necessary to maintain a high insulation resistance of the cables 
and connections.
Usually high impedance systems are more versatile than low impedance. Time 
constant, gain, normalization, and reset parameters, are all controlled via an external 
charge amplifier. In addition, the time constants are usually longer with high impedance 
systems, allowing easy short-term static calibration. Since they contain no built-in 
electronics, they have a wider operating temperature range.
2. Voltage Mode or low impedance
Low impedance types of transducers use the same piezoelectric sensing element 
as high impedance units and also incorporate a miniaturized built-in charge-to-voltage 
converter (Figure2.3).
7
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Figure 2.3. Typical of low impedance pressure transducer [6].
Low impedance pressure transducers require an external power supply coupler to 
energize the electronics and decouple the subsequent DC bias voltage from the output 
signal. Figure 2.4 illustrates a schematic of low an impedance system.
S tan d ard  Coaxial
o r  2-Voire- C able
T l -
ICP S e n so r
Figure 2.4. Low Impedance Pressure Transducer System [6].
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The low impedance transducers can operate over long coaxial or ribbon cable 
without signal degradation. The low-impedance voltage signal is not affected by 
triboelectric cable noise or insulation resistance-degrading contaminants.
Generally, low impedance systems are tailored to a particular application. Since 
the low impedance transducer has an internally fixed range and time constant, it may 
limit the use of their intended application. High impedance systems, with control of range 
and time constants via an external charge amplifier, have no such restriction.
2.1.4 Dynamic Behavior of Transducers
Piezoelectric transducers for measuring pressure, force and acceleration may be 
regarded as under-damped, spring mass systems with a single degree of freedom. They 
are modeled by the classical second order differential equation whose solution is:
Where:
f„ = undamped natural (resonant) frequency (Hz) 
f = frequency at any given point of the curve (Hz) 
ao = output acceleration
ab = mounting base or reference acceleration (f/fn = 1)
Q = factor of amplitude increase at resonance (approx. 10-40 for quartz transducers)
a0 1
9
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In a typical frequency response curve as shown in Figure 2.5, about 5% amplitude rise 
can be expected at 9/40 of the resonant frequency. Low-pass (LP) filtering can be used to 
attenuate the effects of this. Many signal conditioners (charge amplifiers and couplers) 
have plug-in filters for this purpose.
tow frequency limit 
- detreroined by RC
roll to t eftaracteristtes
Usable Range
1 - ~  < 5%
HP filter
DC fn
Figure 2.5. Typical Transducer Frequency Response Curve [6].
The “Usable Range” applies to what is referred to as flat response type 
transducers. The defining characteristic of this group is the high resonant frequency 
leading to a flat response throughout the operating range. Filtering is done externally 
which characterizes a more versatile transducer. In contrast, there are resonant frequency 
response transducers which utilize the built-in mechanical amplification and filtering 
characteristics associated with resonance. These transducers are application specific as 
their resonant frequency must be tuned to the signal frequency.
10
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2.1.5. Pressure Transducer Mounting
Precise and proper mounting of pressure sensors are essential for accurate 
pressure measurements and to minimize distortions in the output signal.
There are generally two ways of mounting a pressure transducer. The preferred method is 
generally the flush mount method, in which the sensing face is flush with the wall of the 
measurement region (i.e. combustion chamber wall in internal combustion engine). 
However, this method makes the transducer exceedingly susceptible to thermal shock. 
Thermal shock is described as a high temperature transient resulting in transducer drift 
error. The error is due to changes in Young’s Modulus of the sensing element and 
distortion of the diaphragm or base. The diaphragm will tend to deform towards the base 
since it is generally pinned at the ends and preloaded.
Several methods have been devised to reduce the effect of thermal shock. One 
method is to water-cool the transducer. This method increases a transducer’s operating 
temperature range and is also very effective for maintaining zero stability in long-term 
measurements. These types of transducers are the most accurate cylinder pressure 
sensors. They are used wherever maximum precision has top priority and there is 
sufficient mounting space. However, water-cooling (by itself) has limited success in 
reducing the effects of rapid temperature transients. Recessed passage mounting (Figure 
2.6) and coating the transducer’s diaphragm with grease or RTV silicone are other 
methods which are commonly used to suppress transient temperature effects.
11
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Figure 2.6. Connecting Passage [6].
As seen in Figure 2.6, a small passage can be used to remove the transducer from 
the high temperature environment. If designed properly, this passage can quench the 
combustion flame before it contacts the transducer. As pointed by Randolph [5], the 
design of this passage must be done considering several factors. These include not only 
flame quenching criteria, but also signal degradation and erroneous pressure signals. The 
following equations describe the frequencies at which standing wave and Helmholtz 
resonance occur when a pressure disturbance is introduced at one end of the passage.
Both resonances are dependant on passage length, and the Helmholtz resonance 
also depends on the passage cross-sectional area and cavity volume.
c
12
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Therefore, this criterion favors short passages with large cross sectional areas. 







The same criterion (short passage with large cross-sectional area) is required to 
minimize pressure drop. However, it has been determined experimentally [5] that to 
quench the flame, for a rectangular cross-section the minor distance must be less than
0.15 mm, and for a circular cross-section, the diameter must be under 0.2 mm.
2.1.6 Parameter of interest derived from the in-cylinder pressure
Based on the in-cylinder pressure analysis, the following parameters can be 
determined and are typically used as engine development tools [6]:
i. Peak pressure P ̂  and maximum pressure gradient- criterion for the necessary 
material strength of the cylinder.
ii. Indicated mean effective pressure IMEP- criterion for power output to be used 
for mechanical power losses (friction).
iii. Estimation of in-cylinder air to fuel ratio- used in engine control.
13
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iv. Pumping mean effective pressure PMEP- criterion for the quality of the charge 
exchange gas processes (valves, inlet and exhaust ports).
v. Mass Fraction Burned (MFB) rate- basis for 4 completeness o f  combustion ’ and 
combustion analysis.
vi. Bum duration- criterion for combustion efficiency and therefore fuel 
consumption.
vii. Shape of heat release curve- criterion for emissions, noise and combustion 
efficiency in diesel engines.
viii. Repeatability of combustion, e.g. ignition failure (misfire)- criterion for 
emissions and drivability.
ix. Detection of engine knock- may destroy engine (in severe cases might cause 
engine failure).
2.2. Mass Fraction Burned (MFB) Analysis
A common technique for computing the Mass Fraction Bum (MFB) is the method 
developed by Rasswelier and Withrow [4] in 1938 (referred to as the ‘original’ method). 
The method is based on the assumption that, once combustion commences, the change in 
pressure, A P , over a crank angle interval, A 0 , is the sum of two parts: the pressure rise 
due to piston motion, A Pv, and the pressure rise due to combustion, A Pc. Rassweiler and 
Withrow illustrated this method with a ‘spread-sheet’ calculation procedure and the 
concept is shown graphically in Figure 2.7.
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Figure 2.7. Measured pressure change as a sum of piston motion and combustion [8].
They approximated the combustion process with a series of small crank angle 
increments. First, the charge would be compressed polytropically by the piston, and then 
a small amount of charge would bum. The pressure again would change polytropically 
and an increment of charge would bum; this would continue throughout the combustion 
period. Since each increment of combustion occurs at a different volume, the pressure 
rise due to combustion must be normalized by some reference volume. Rassweiler and 
Withrow [4] used the volume at ignition and Stone [2] used the cylinder volume (at top 
dead center) in order to add the increments, and to calculate MFB.
Several key observations were pointed out in the original work regarding this method
[3]:
15
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1. Since the piston motion and combustion are considered to progress in stepwise 
fashion, small step sizes should be used to minimize errors.
2. The effects of heat transfer are accounted for only in the choice of polytropic index. 
The accuracy of the index thus influences the accuracy of the calculations.
3. Blow-by will affect the results.
4. In order to normalize the pressure rise due to combustion, it was assumed that the 
pressure rise was inversely proportional to the total volume.
5. In order to calculate the pressure rise due to combustion, the polytropic indices for the 
burned and unbumed regions must be equal.
Rasswieler and Withrow [4] presented the following expression for the determination 
of mass fraction burned MFB:
VPVn - V P lln 
MFB = x = ------   (1)
vf Pf ~vsPl
Where the subscripts s and /  refer to conditions at the time of spark and the End of 
Combustion (EOC), respectively.
The derivation of this expression is based upon the assumption that the 
polyptropic index, n, is the same for the compression and expansion process. This 
formulation is not generally suited for practical use because of the difficulties in
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
determining the EOC. It is obvious that this expression will yield x =1 for any selected 
value of V = Vf  and corresponding P = Pf .
In 1992 Stone [2] gave a practical mathematical derivation of this method 
(referred to as the ‘standard’ method). After the start of combustion, the pressure rise 
AP during a crank angle interval A# is assumed to be made up two parts: pressure rise 
due to combustion A Pc and a pressure change due to volume change A Pv
As the crank angle 6i increments to the next value 6M the volume changes from 
Vi to VM, and the pressure from Pi to PM . It is assumed that the pressure change due to 
the change in volume can be modeled by a polytropic process with an index, n; hence
A P = APC + APV (2)
(3)
The pressure change due to piston motion can be defined by
(4)
Substituting equation (4) into equation (2) produces
17
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i>+1-/>=A Pc + i>
/  \ n 
K A
(5)
From which the pressure rise due to combustion can be calculated
APC=PM -Pi
/  \ n V,
(6)
Since combustion is not taking place at constant volume, equation (6) must be 
referenced to some common volume, e.g. the cylinder volume at Top Dead Center 
(TDC), and this normalized pressure change is denoted by APC*:
AFZ=APc- p -  (7)
TDC
The End of Combustion (EOC) is indicated by achieving the normalized pressure 
rise, which occurs when pressure rise due to combustion becomes zero. Assuming that 




' Y  AP*L-iO c
Where
x,.: Mass Fraction Burned (MFB) at step i
N: Total number of combustion increments
AP*: Normalized pressure rise due to combustion
18
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One disadvantage of this method is its sensitivity to the selection of polytropic 
index, n. If the compression stroke index is used throughout the calculation, it results in a 
characteristic drop-off in the MFB curve after the end of combustion which is due to heat 
transfer and the presence of combustion products. An accurate index would produce a 
curve, which rose to 1.0 and remained there through to the end of the cycle. Rassweiler 
and Withrow [4] evaluated the index during compression and expansion stroke and used 
an appropriately averaged value during combustion. Sharler et al. [12] proposed 
switching from the compression index to the expansion index at a user-defined point in 
the cycle, namely TDC. This technique did result in a curve that remained at 1.0 after the 
EOC for the cases reported by them. Using the expansion index also poses problems, as it 
may be difficult to determine accurately the end of combustion. Several methods have 
been used to define the EOC [7]:
1. The first negative method assumes that combustion is complete when one 
negative pressure due to combustion is calculated.
2. The sum negative method requires three consecutive combustion pressures to be 
negative.
3. The standard error method assumes the end of combustion when the combustion 
pressure had settled to within one standard error of zero.
For cycles which are slow burning or in the case of retarded spark timing, the 
crank angle range over which the expansion index may be calculated can be very limited 
and is further limited by Exhaust Valve Open (EVO). In such cases, the index must be
19
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calculated close to EVO in a region where noise and discretization effects may become 
significant. On the other hand, if the crank angle range is too large, the index is calculated 
while combustion is continuing and will result in a low value of the index. Sharler et al. 
[7] also noted the difficulty of dealing with late bum conditions and suggested that an 
arbitrary value of 1.25 be assigned to the expansion stroke index for these cases.
Calculation of the compression stroke polytropic must also be done with care 
since the pressure rise at the beginning of the stroke is small and discretization errors 
from the data acquisition system are more significant. This can be avoided by ignoring 
the initial part of compression, e.g. by calculating the index from half-way between 
Intake Valve Close (IVC) and ignition.
Inherent in the MFB analysis method are several assumptions beside the constant-index 
assumption [7].
1. It assumes that the referenced pressure rise is proportional to the mass of fuel 
burned rather than the amount of chemical energy released.
2. There is no allowance for heat transfer, dissociation or change in composition 
beyond the fact that the polytropic index differs from the ratio of specific heats.
Despite these limitations, comparisons of the MFB calculated using the Rassweiler and 
Withrow [4] method with the results of other more complex thermodynamic models, 
show remarkably close agreement.
20
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2.3. Completeness of Combustion X
The denominator of the MBF equation (8), namely ^ QV AP* (referred to as T )
represents the pressure rise due to combustion normalized to a reference volume, either 
ignition timing (as suggested by Rassweiler and Withrow [4]) or Top Dead Center (as
suggested by Stone [2] and Shayler et al [7] and others). For the ideal conditions which
are the basis of the Rassweiler and Withrow [4] analysis, this would be expected to yield 
the adiabatic combustion pressure rise at the reference volume. In 1998 Ball et al [3,8] 
suggested that if this term ( 'F ) is evaluated for any combustion cycle and compared with 
some ‘maximum’, which represents ‘complete combustion’, then an estimate of the 
completeness of combustion of the cycle compared with the maximum can be obtained. 
Mean completeness of combustion (X) equation (10) is defined as the fraction of the 
inducted fuel which is usefully burned during the cycle.
dgoc N





X : Mean completeness of combustion
x¥mean : Mean value of normalized pressure rise due to combustion
'Fmax : Maximum value of normalized pressure rise due to combustion
9S0C : Crank angle of start of combustion
6eoc '■ Crank angle of end of combustion
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2.4. Unburned Hydrocarbon
Hydrocarbons, or more appropriately referred to as organic emissions, are the 
consequence of incomplete combustion of the hydrocarbon fuel. The level of unbumed 
hydrocarbons (HC) in the exhaust gases is generally specified in terms of the total 
hydrocarbon concentration expressed in part per million carbon atoms (ppm). These 
levels in the exhaust of a spark-ignition engine under normal operating conditions are 
typically in the range 1000 to 3000 ppm. This corresponds to about 1 and 2.5 percent of 
the fuel flow into the engine. HC emissions rise rapidly as the mixture becomes 
substantially richer than stoichiometric. With very lean mixtures HC emissions can rise 
rapidly due to incomplete combustion or misfire, in a fraction of the engine’s operating 
cycles.
Four possible HC emissions formation mechanisms for spark-ignition engines 
(where the fuel-air mixture is essentially premixed) have been proposed [1]:
1. Flame quenching at the combustion chamber walls, leaving a layer of unbumed 
fuel-air mixture adjacent to the wall
2. The filling of crevice volumes with unbumed mixture which, since the flame 
quenches at the crevice entrance, escapes the primary combustion process.
3. Absorption of fuel vapor into oil layers on the cylinder wall during intake and 
compression, followed by desorption of fuel vapor into the cylinder wall during 
expansion and exhaust
4. Incomplete combustion in a fraction of the engine’s operating cycles (either
partial burning or complete misfire), occurring when combustion quality is poor.
22
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While total hydrocarbon emissions is a useful measure of combustion inefficiency, it is 
not necessarily a significant index of pollutant emissions.
Sztenderowicz and Heywood [9] have attempted to use HC emissions as a 
measure of cycle-by-cycle variability in completeness of combustion. However, 
uncertainties in interpreting the result of fast respond flame ionization detector (FID) 
analyzer measurements left some doubt about the cycle-by-cycle variability in unbumed 
hydrocarbons [3]. They also introduced the parameter rjHC, which is the percentage of the
intake fuel which has been burned, based on the mean intake fuel concentration ([HC]jn)
and the measured mean exhaust HC concentration {[HC]exh):
[H CU
tJhc =  1 -   ----- —  ( 11)[HC]in
Where:
tjHC Hydrocarbon conversion efficiency 
[HC]in Mean intake fuel HC concentration.
[HC]^ Mean exhaust HC concentration
Ball et al [3] have anticipated that rjHC is related to the average completeness of 
combustion (X). Figure 2.8 shows the correlation between mean completeness of 
combustion (X) versus percentage of fuel burned ( tjhc ) selected from Ball’s [3] results.
23
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The trend line showed a correlation coefficient (R) of 0.957. That is near to unity 
and supports the hypothesis that X is a good indicator of completeness of combustion.
y -  0.6533X + 33.467 
R*- 0.6809 -
84-
,<«y" 1.0314x - 2.2275 




Figure 2.8. Mean value of completeness of combustion, X, plotted against percentage of 
fuel burned, t]HC [8].
They also concluded following:
• The value of ¥  reduces as X increases.
• Spark timing has little effect on T
• T  is closely related to completeness of combustion, X.
24
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CHAPTER 3
EXPERIMENTAL SETUP
The experimental work for this thesis was performed at the University of Windsor / 
DaimlerChrysler Canada, Automotive Research and Development Center (ARDC) and 
involved measurement of in-cylinder pressures and exhaust gas compositions. Figure 3.1 
illustrates the layout of the experimental setup.
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Figure 3.1. The layout of the experimental setup. Numbers correspond to sections in this 
Chapter
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3.1 Dynamometer
A MEI modified eddy current dynamometer (Figure 3.2) is used for engine power 
dissipation. The maximum power and torque of the dynamometer that can be achieved 
are 550 HP and 629 lb.ft, respectively.
3.2 Engine
All experiments were conducted on the DaimlerChrysler 4.7 V-8 Compressed Natural 
Gas (CNG) fueled test engine as shown in Figure 3.2. The specifications of the engine 
and fuel are listed in the Tables 3.1 [10] and 3.2 [11], respectively and Table 3.3 [11] 
states calculated fuel properties.
Figure 3.2. Engine dynamometer and Engine.
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Table 3.1: Engine Specification [10]
Manufacturer and Type DaimlerChrysler 4.7 V-8
Bore (mm) 93.0
Stroke (mm) 86.5
Connection rod (mm) 155.4
Crank radius (mm) 43.25
Compression ratio 9.3:1
Total swept volume (cc) 4701
Clearance volume (cc) 70.7
Number of cylinder 8
Inlet valve diameter (mm) 48
Exhaust valve diameter (mm) 37
Intake valve opening (IVO) 3° ATDC
Intake valve closing (IVC) 67° ABDC
Exhaust valve opening (EVO) 53° BBDC
Exhaust valve closing (EVC) 21° ATDC
Firing order 1-8-4-3-6-5-7-2
Table 3.2: Composition of Canada natural gas [11]







c h 4 94.6799 94.6397 94.6317
c 2h 6 2.2451 2.2927 2.6869
C,H% 0.3675 0.3540 0.2641
C,HW 0.1467 0.1373 0.1004
c 5h u 0.0535 0.041 0.3053
c 6h u 0.0450 0.0197 0.2680
n 2 1.5241 1.8366 1.4700
c o 2 0.9246 0.6791 0.7720
Total 99.9864 100.0001 100.4984
Table 3.3: Calculated natural gas properties [11]
Molecular weight kg/kmol 17.020
Stoichiometric air/fuel ratio 17.00
Lower heating value MJ/kg 48.40
Higher heating value MJ/kg 54.694
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3.3 Pressure Transducers
Tlie most common method of recording cylinder pressure in internal combustion 
engines is using piezoelectric pressure transducers. The piezoelectric transducer is 
commonly used because of its wide frequency response and linearity over a large range 
of loads.
Two pressure transducers were simultaneously used to measure in-cylinder 








Figure 3.3. Cylinder combustion chamber and the placement of pressure transducers.
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3.3.1 Non-cooled wall pressure transducer
The non-cooled wall transducer, a Kistler 6052A1 (Figure 3.4), was used as the 
reference transducer throughout this research. This transducer is the most accurate non- 
cooled Kistler transducer for cylinder pressure measurement. The sensing element of the 
transducer was inserted into a hole drilled through the cylinder head into the combustion 
chamber such that the transducer face was 4 mm from the combustion chamber wall. It 
sits in a heavily cooled area of the cylinder head surrounded by water jackets and a thin 
layer of silicon paste was placed on the diaphragm to reduce the effects of thermal 
shocks.
Figure 3.4. Wall and Spark plug pressure transducers [12].
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3.3.2 Spark plug pressure transducer
The test transducer was the spark plug rfiounted transducer supplied by Kistler 
Instrument Corp. The Kistler assemblies are type 6117 (Figure 3.4) and feature a 5 mm 
diameter piezoelectric transducer fitted into a custom spark plug with an off-center 
electrode (manufactured by BERU Corp.).
The reason to use two transducers was to find out which one is more suitable for 
completeness of combustion evaluation. The specifications and technical data of the 
transducers are shown in appendix A.
3.4. Data Acquisition
The MTS Advance Drivetrain and Powertrain Testing, Combustion Analysis 
System (ADAPT-CAS) was used to collect and analyze the pressures data. Figures 3.5 
and 3.6 illustrate the basic ADAPT-CAS configuration.
VME/VXI Crate
8 A ft Ch. 
8 D/ACh
16 Dig. in. 




Figure 3.5. Basic ADAPT-CAS configuration [12].
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The heart of this system is a V4344 Real-Time processor and controller module. 
The V4344 digitizes signal channels, stores digitized data, and performs real-time, 
floating-point combustion calculations. It also processes engine encoder input, controls 
the flow of data, and communicates over an Ethernet connection to transfer processed 
results and raw data to the ADAPT-CAS PC.
Figure 3.6. MTS ADAPT-CAS System.
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3.4.1 Analog to Digital Converter (ATD)
A V2816 analog input module is an Analog to Digital Converter (ATD) with 16 
input channels that samples at up to 1 MHz per channel with 12-bit resolution. The input 
ranges are software selectable between ±10, 5, 2, and 1 volt DC. Up to four V2816 
modules can be added to the CAS system for a total of 64 analog input channels.
3.4.2 Amplifier
A V I108 charge amplifier is used to amplify and condition raw cylinder pressure 
signals from in-cylinder pressure transducers and pass them through the 2816 Analog 
Input Module to the 4344 for processing and subsequent transmission to the system PC. 
Also the 1108 is used with a signal amplification pod mounted in the test cell to avoid the 
occurrence of noise and signal degradation common with long, low-level signal runs. 
This module uses a proprietary circuit to self-calibrate each signal channel. A valuable 
feature of the V I108 is its ability to “Auto-Track” pressure signals.
3.4.3 Auto Tracking
Whereas analog data is represent by continuously variable, measurable, physical 
quantities such as length, pressure or voltage, digital technology employs the binary 
system to present discrete values that a computer (V4344) can read. The V I108 charge 
amplifier produces an analog signal that must be converted to a digital signal by the 
V2816 ADC. For any voltage in the ±5 volt Full Scale Range (FSR), there is a
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corresponding discrete bit value. How closely the bit value represent the voltage signal 
depends on the resolution.
Resolution is used to describe how finely and precisely an analog signal can be 
converted into a digital signal. The greater the bits of resolution, the finer and more 
clearly an analog signal can be represented.
Auto-tracking provides a non-zero offset to extend the dynamic range of the 
recorded signal. It essentially doubles the resolution at which the pressure data is 
digitized, by expanding the charge amplifier’s output from 0 to +5 volt to -5 to +5 volts. 
In addition to optimizing use of the full digitizer range (10 volts instead of 5volts), 
auto-tracking also attempts to remove drift from the pressure signal.
During transient engine testing (speed and load changes) thermal loads on the 
pressure transducer fluctuate. The ensuing thermal stresses cause the transducer to 
slightly deform and its output may not return at the end of an engine cycle to the exact 
same spot at which is started the engine cycle. This is known as signal drift and may 
cause the charge amplifier to saturate and clip the cylinder pressure trace if it is not 
compensated for. Auto-tracking keeps a cylinder pressure signal that is drifting due to 
thermal loads within the ADC range. It removes signal drift by forcing the analog voltage 
of the cylinder pressure signal to -4V at -180 Crank Angle Degree (CAD) After Top 
Dead Center (ATDC) for every engine cycle.
3.4.4 Pegging
Pressure transducers typically used for cylinder pressure measurements are not
absolute devices; they only provide a relative measurement. They are dynamic devices
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that will provide an output only if the applied force is constantly changing, if a sudden 
force is exerted and held on a piezoelectric transducer, it will generate an equivalent 
voltage signal that will quickly return to zero. In other words the transducer actually 
relies on the constantly changing pressure within the engine in order to output a signal. In 
order to correct for the non-absolute signal and the time/temperature drift or offset, the 
engine pressure signal is referenced or “pegged” to a known or absolute reference value.
One typical reference value is a Manifold Absolute Pressure (MAP) transducer 
sensing the absolute pressure in the intake manifold. In order to complete the pegging 
process, this reference needs to be applied at some known point in the engine cycle. A 
typical, but by no means universal point, is when the piston has reached Bottom Dead 
Center (BDC). At this point the intake valve is fully open and the pressure in the cylinder 
and that in the intake manifold are equal. This means that we can use the MAP signal to 
“peg” or reference the pressure signal at this point. The MAP signal at -180° is then 
applied to the cylinder pressure signal at -180° degrees.
By pegging or referencing cylinder pressure signals to known absolute values, 
such as the MAP at 180° BTDC, the relative pressure and signal drift from transducers 
will be compensated.
Note that unlike pegging, which turns relative values into absolutes and 
compensates for signal drift, the job of Auto-Tracking is to maintain and maximize the 
signal within the ADC range. In other words, AutoTracking not only helps prevent signal 
saturation, but also helps optimize use of the full digitizer range (10 volts vs. 5volts).
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3.4.5 Top Dead Center Find
This utility within the Combustion Analysis System (CAS) software will calculate 
the difference in CAD between the location of the reset pulse of the Pulse Per Revolution 
(PPR) signal and TDC of cylinder No. 1. Based on this calculation and the firing order 
and intervals, the exact location of the crankshaft relative to TDC can be found for every 
cylinder. The calculation is done by computing the average motored cylinder pressure 
waveform of cylinder No. 1. Then linear interpolation is used to find the crankshaft angle 
at which amplitudes on the right side of the curve equal amplitudes on the left side of the 
curve. The average value of these crankshaft angles is the resultant location of cylinder 
No. 1 relative to the reset pulse. This method assumes that peak cylinder pressure in a 
non-firing cylinder occurs at TDC.
3.4.6. Encoder
The angle encoder is a high precision sensor for angle-related measurements. An 
AVL Angle Optical Encoder Set was used to measure and indicate the crankshaft angle. 
It was mounted on the end of the crankshaft in order to indicate the crankshaft angle and 
to “clock” the CAS system in the event-based mode. Unlike the time-based mode which 
lets a desired sampling rate be selected (i.e. 100 KHz), the event-based mode captures 
data whenever it receives the appropriate signal from the encoder attached to the end of 
the crankshaft (Figure 3.7).
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Figure 3.7. AVL Angle Optical Encoder Set.
All crankshaft encoders output the following two signals:
1. Crankshaft Data Marker (CDM), (sometimes referred as “clock”)
2. Pulse Per Revolution (PPR), (sometimes referred as “reset”)
The PPR generates one pulse per engine revolution, indicating the crankshaft’s 
angular location relative to Top Dead Center (TDC) of cylinder No.l. The CDM signal 
output is dependent on the encoder resolution (e.g. if the encoder resolution is 1°, the 
CDM signal generates one pulse for every crankshaft degree totaling 360 pulses per 
engine revolution and if the encoder resolution is 0.1°, the CDM signal generates 10 
pulses for every crankshaft degree totaling 3600 pulses per engine revolution).
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The encoder reset (“index”) is a pulse which tells the CAS system that the encoder 
has made a complete rotation (i.e. 1 per 360°). Then the CAS calculates peak cylinder 
pressure at both crank-angle reset locations and automatically ignores the reset with the 
lower peak pressure as shown in Figure 3.8. The final result is 720° crank-angle based 
cylinder pressure measurements per engine cycle at TDC of compression.
*U
- 180 "  0 °  180 °  360 °  54 © <7 ~ 180 °  0 °  180 °  360 °  540 °
0 “  180 °  360 “  54 0 °  720 “ / 0 “  180 °  360 “  540 “  720 “
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BDC BDC BDC BDC BDC
Figure 3.8. Pressure trace as a function of crank angle. Stars (*) indicate times of encoder 
reset pulses.
3.5 Exhaust Analysis Bench
A Horiba 7000 Series (Figure 3.9) full exhaust analyzing system is used to 
analyze and measure concentrations of hydrocarbons (HC), carbon monoxide (CO), 
carbon dioxide (C02), oxygen (02), oxides of nitrogen (NOx), CH4 and non-methane 
hydrocarbons (NMHC).
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Figure 3.9. Horiba 7000 Series.
The 7000 system is divided into five modules. These are the analyzer rack 
(ANRI, ANR2) and mounting analyzer (ANA), the power supply unit (PSU), the sample 
handling system (SHS), the solenoid valve system (SVS), and the main control unit 
(MCU).
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The MCU is the control center of the system. It has a touch screen interface and 
can perform measurements, calibrations and adjustments. The MCU converts bundled 
signals into concentration values or flow rates. This converted data is displayed on the 
MCU screen, output as an analog signal, or stored in the MCU internal memory. The 
MCU also controls various CVS operations, such as filling bags, measuring bag samples, 
purging, and blower control.
The SHS dehumidifies the sample gas and directs it to the analyzer. The SVS routes the 
calibration, operation, and check gasses according to measurement objective.
Exhaust gas emissions are brought by two sampling lines to the Horiba bench 
(indicated in Figure 3.1). Since the pressure transducers are collecting the pressure data 
from cylinder No. 1, one line samples emissions from the first runner of the exhaust 
manifold (which is connected to cylinder No. 1). The second line samples emissions from 
a location downstream of the exhaust manifold, (from a bank of the same-side cylinders) 
The purpose is to compare measurement data at these two positions.
3.6 Experimental Matrix
The investigation consisted of two sets of experiments. The objective of the first 
set was to apply the Ball’s technique, which estimates completeness of combustion based 
on in-cylinder pressure data. This technique utilizes the normalized pressure rise 
parameter due to combustion to describe the completeness of combustion.
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For this purpose a DaimlerChrysler 4.7 V-8 Compressed Natural Gas (CNG) 
fueled test engine was used for the experimental measurements. All experiments were 
conducted under following operating conditions.
Engine speed was maintained constant at 1600 RPM, even under very lean 
conditions when engine behavior was erratic. Also throttle position (engine load) was 
maintained constant at 394 mm Hg. The purpose of selecting of this operating condition 
was to obtain the data from the region of possible highest cycle-by-cycle variations.
Lambda (X) was set at 1.0, 1.3, and 1.5 by adjusting the injected fuel pulse width 
(using, an I-Box calibrated engine controller).
The calculation of the experimental Lambda was based upon the natural gas 
compositions and exhaust emission (CO2, CO, HC) measurements from the Horiba gas 
analyzer. Use of emissions measurement has shown to be less sensitive to error than the 
use of intake air and fuel flow measurements.
Spark timing was varied from Maximum Best Torque (MBT), MBT-15 degree 
(retarded) andMBT+15 (advanced).
The following table is the summary of experimental matrix.
Table 3.4 Experimental Matrix
X l 1 1 1 1.3 1.3 1.3 1.52 1.5 1.5
Ignition
(°BTC) 18 33
48 18 33 48 18 33 48
1. Maximum Best Torque (MBT) spark timing for X=\ at operating condition stated 
above was 33° BTDC
2. In the case A,=1.5 spark timing of 18° BTDC was very unstable, owing to partial 
burning or misfire
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The objective of the second set of experimental was to correlate results of the 
Ball’s technique to hydrocarbons conversion efficiency. For this purpose a Horiba 7000 
Series full exhaust analyzing system was used to sample, analyze and indicate the 
hydrocarbon concentrations in exhaust gas emissions.
As seen in the experimental layout (Figure3.1) exhaust gas emissions sampling lines were 
connected to the following locations:
1- The first sampling line was connected to the exhaust runner of cylinder No. 1. 
Since the pressure data was collected from the same cylinder it was logical to 
sample exhaust gas emissions from the exhaust runner of that individual cylinder. 
Also, for some engines it would be difficult to connect the sampling line to a 
runner.
2- The second sampling line was connected to exhaust manifold of the bank of 
cylinders which included cylinder No. 1. The reason was to find a correlation 
between the two locations.
Coriolois [manufacturer] mass flow measurement was used to measure the fuel mass 
flow rate in the intake. The air volume flow rate was measured by an air flow meter based 
on the Karman vortex phenomenon.
The collected data was comprised of three separate batches of 90 consecutive 
cycles of pressure measurements. The pressure measurements were taken at each 1° 
crank angle from each transducer, under each condition of the experimental matrix.
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CHAPTER 4
DATA ANALYSIS PROCEDURES
The following section presents a description of the analysis methods used for data 
processing. Two principle groups of data were processed during this study:
1. In-cylinder measured pressure data that are subsequently used to calculate 
completeness of combustion parameter X and a new (proposed in this thesis) 
completeness of combustion parameter R
2. Exhaust gas composition data that were used to calculate hydrocarbon conversion 
efficiency.
Figure 4.1 illustrates a functional block diagram of the completeness of combustion 
parameter X and hydrocarbon conversion efficiency rjHC analysis. The similar functional 
block diagram for calculations of the cyclic effectiveness R is given in detail in paragraph 
4.4.
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Figure 4.1. Functional block diagram of completeness of combustion parameter X 
and hydrocarbon efficiency tjhc
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4.1 Pressure Data Analysis *
Cylinder pressure changes with crank- angle as a result of cylinder volume change, 
combustion, heat transfer to the chamber walls, flow into and out of crevice regions, 
leakage (blow-by) and the intake and exhaust stroke. The effects of volume change and 
combustion are the most significant. The effect of volume changes on the pressure can 
easily be accounted for. Thus, the pressure rise due to combustion can be obtained from 
accurate pressure data. Then, based on this data, a completeness of combustion parameter 
can be derived. For this purpose at each engine operating point, two sets of in-cylinder 
pressure data were simultaneously recorded from two different transducers installed in 
cylinder No.l. Figure 4.2 shows one cycle of the pressure traces of each of the two 
transducers versus crank angle degree
RPM= 1600 





deg (Engine Cycle = 1)
300 400 500
Figure 4.2. Pressure versus crank angle degree for single cycle, Wall and 
Spark transducers data A -  1.0 and 0ignition =33° BTDC
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and Figure 4.3 shows pressure versus volume plots of the same cycle.
R PM - 1600 
Load = 394 mmHg 
IMEP = 3.95 bar
Wall Pressure Transducer
Spark Pressure Transducer
0.0001 0.0002 0.0003 0.0004 0.0005 0.0006
m3 (Engine Cycle - 1 )
Figure 4.3. Pressure-volume diagram of one cycle, Wall and spark transducers data
A = 1.0 and Qignition =33° BTDC
Black color indicates the spark plug transducer data and red color indicates the wall 
transducer data in this plot and throughout this study. Both transducers follow closely to 
each other during the intake stroke prior to the peak pressure point. After that point, a 
difference between the two traces is observed.
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This difference is due to the different response of each transducer to the thermal 
shock effect. The details of the transducers and the calibration data are given in Appendix 
A.
Combustion Analysis System (CAS) software was used to record the pressure data 
and calculate other parameters which are used in computing of completeness of 
combustion. At each operating point three batches of individual 90 consecutive cycles 
(3x90=270 cycles) were acquired and processed.
The following parameters were calculated by the CAS system and subsequently used in 
computing the completeness of combustion parameter X.
1. Compression stroke and expansion stroke exponents
2. Bum duration (start of combustion and end of combustion)
3. 6W and<990 bum: are the crank angles for 10 and 90 percent of MFB, respectively
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4.1.1 Compression stroke and Expansion stroke Exponents
A starting point for the Mass Fraction Burned (MFB) and subsequently 
completeness of combustion analysis is to assume that compression and expansion 
processes can be represented by polytropic relations of the form
PV"= Constant (12)
The index n is determined in practice by fitting equation (12) to experimental data 
over a range of engine crank angle intervals. In general there will be different values in 
compression and expansion stroke exponents.
The index n takes into account the thermodynamic properties of the working 
fluid (the ratio of specific heats, y - c p /cv) as well as heat transfer effects, blow-by of
cylinder gases past the rings, and valve leakage. All of these factors have an effect on the 
relation between pressure and volume, and hence on the index. The gas composition 
changes also have an effect on y . This is likely to be particularly significant during 
expansion when recombination reactions occur as the charge cools.
Heywood [1] presented comprehensive data for the ratio of specific heats for 
unbumed gas mixtures, yu, and the ratio of specific heats for products of combustion, 
yb, for typical liquid fuels in range of air-fuel ratios, temperatures, and pressures. This 
data shows that, when considering mixtures lean of stoichiometric, the greatest 
differences between yu for reactants and yb for products, occur with the mixture close to
48
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stoichiometric composition. This can be explained as the mixture becomes leaner the 
thermodynamic properties (including y ) become closer to air properties. Values of yu 
and yb at typical compression (500 K) and expansion (2500 K) conditions for
stoichometric gasoline are approximately 1.32 and 1.20 respectively. It should be noted 
that y reduces significantly with increasing temperature, (by approximately 0.11 per 
1000 K for reactants and 0.08 per 1000 K for products [8])
4.1.1.1 Calculation of polytropic exponents
Figure 4.4 shows one cycle of a logP vs logF plot by wall and spark transducers
at X = 1.0 and0jgnition =33° BTDC. As seen in this Figure, the pressure rise at the
beginning of the compression stroke is small and discretization errors from the data 
acquisition are more significant. This can be avoided by ignoring the initial part of 
compression, e.g., by calculating the index from half-way between Intake Valve Closure 
(IVC) and the ignition point.
In the case of expansion, for the slow burning cycles, the crank angle range over 
which the expansion index may be calculated can be very limited, this is further limited 
by Exhaust Valve Opening (EVO). In such cases, the index must be calculated close to 
EVO in a region where noise and discretization effects become significant. On the other 
hand, if the crank angle range is too large, the index is calculated while combustion is 
continuing, and will result in a low value of the index.
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Cyll SparkPresTrace vs m3 Cyll W allPresTrace vs m3
RPM -  1600 
Load = 394 mmHg 






7*10 8*10 9*10 10 2*10
m3 (Engine Cycle =  1)
3*10 4*10 6*105*10
Figure 4.4. L ogp -  \ogV of one cycle, Wall and Spark transducer data
A = 1.0 and 0 ^ = 3 3 - BTDC
In this work, the compression stroke exponent was calculated from LogP -  log V 
diagram, using two set points 50° and 100° BTDC. The slope of the fitted line between 
these points is compression stroke exponent. The expansion stroke exponent was 
calculated between 60° and 110° ATDC. These ranges were maintained constant for all 
equivalence ratios and spark timings.
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As it is explained in Chapter 3 the normalized pressure rise due to combustion and 
subsequently completeness of combustion X are calculated by following equations:
Where:
I: each cycle 
i: each crank angle
f







vV y i+ l y TDC
/= i
^   mean
One disadvantage of this method is its sensitivity to the selection of the polytropic 
index, n. In this study, two data sets of polytropic exponents were used to calculate 'F j.
The first method uses polytropic exponents (n{,n2, nm ) that are calculated for each
individual cycle based on pressure-volume data. They would be substituted into the 
above equation to calculate each VPI('P1,VP2, , ) and subsequently mean
completeness of combustion.
Figure 4.5 shows the compression and expansion stroke exponents for 90 
consecutive cycles for both transducers when A = 1.0 and0 ^ = 3 3 °  BTDC. The 
complete results and other operating conditions are shown in Appendix B.
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Figure 4.5. Compression and Expansion exponents for 90 consecutive cycles,
A = 1.0 and ̂ , = 3 3 - BTDC
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The top graph in Figure 4.5 shows the compression stroke exponents for both 
transducers. The actual values of the exponents are located at the points of the trace line 
slope change. The data show large variations in n from 1.1 to 1.6, however the mean 
values and their Standard Deviation (SD) are very close for both transducers, (shown in 
the insert boxes in Figure 4.5) This variability could be due to two reasons: 1) non­
uniformity of the charge mixture from cycle to cycle. 2) the varying amount of residual 
gas from cycle to cycle.
The graph at the bottom of Figure 4.5 shows the expansion stroke exponents for 
both transducers. It can be observed that the spark transducer indices result in larger 
values than the wall transducer by about 0.1. This is obviously due to the thermal shock 
effects on the pressure transducers. As expected, the spark transducer is affected more 
than wall transducer (according to Kistler’s manufacturer information) and the polytropic 
indices derived from its pressure data are less reliable.
In part, the difference between indices can be attributed to varying heat transfer at 
each cycle. It is interesting to note that both transducers show smaller fluctuations in the 
expansion stroke exponents than the compression stroke exponents, (at this particular set 
of conditions)
Figures 4.6 and 4.7 present the completeness of combustion results for different 
polytropic exponents (ne,nc) of the two transducers. These polytropic exponents were 
calculated using the first method (i.e. polytropic exponents at each cycle) under varying 
equivalence ratio and spark timing.
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Figure 4.6. Mean completeness of combustion X for 270 consecutive cycles, 





Figure 4.7. Mean completeness of combustion X for 270 consecutive cycles, RPM=1600, 
Load=394 mmHg, 7.=1.5
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The results shown in Figure 4.6 and 4.7 were calculated based on compression 
and expansion stroke exponents. The differences in the results are due to fluctuations in 
compression and expansion stroke exponents. It can be seen that at the same operating 
condition, (spark timing 18° (BTDC) and equivalence ratio 1.0) the values of X based on 
compression stroke exponents, are approximately 15% lower than the results based on 
expansion stroke exponents. This is due to an increase in variations in compression 
polytropic exponents as shown in Figure 4.5.
The second method to calculate polytropic exponents uses an average of 270 
consecutive cycles of the compression and the expansion stroke exponents (ne,nc ). The 
mean values are subsequently substituted into the following equation to calculate 
'Fj ( 'Fj, 'F j, , then the mean completeness of combustion X.
p  - p
r i+1 r -
I I
\ V M J TDC
The results of this method will be presented and discussed in chapter 5.
Table 4.1 and 4.2 shows the summary results of ensemble-averaged compression 
and expansion stroke exponents that were presented in Figure 4.8 to Figure 4.15.
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Table 4.1. Ensemble-average of 270 consecutive cycles for compression and expansion 
stroke exponents for each operating point (e.g., 1018 means 7,=1.0 and spark timing=18).
Case 1018 1033 1048 1318 1333 1348 1518 1533 1548
Spark Transducer with 
compression exponents
1.34 1.32 1.33 1.33 1.33 1.34 1.34 1.33 1.32
Wall Transducer with 
compression exponents 1.36 1.33 1.35 1.35 1.35 1.34 1.36 1.35 1.34
Spark Transducer with 
expansion exponents 1.37 1.42 1.45 1.29 1.4 1.45 1.28 1.37 1.42
Wall Transducer with 
expansion exponents 1.29 1.3 1.31 1.23 1.31 1.32 1.21 1.28 1.32
Table 4.2. Standard deviation of ensemble-average of 270 consecutive cycles for 
compression and expansion stroke exponents for each operating point (e.g., 1018 means 
7.=1.0 and spark timing=18).
Case 1018 1033 1048 1318 1333 1348 1518 1533 1548
Spark Transducer with 
compression exponents 0.11 0.12 0.09 0.11 0.1 0.1 0.1 0.1 0.11
Wall Transducer with 
compression exponents 0.11 0.11 0.1 0.11 0.09 0.09 0.1 0.1 0.11
Spark Transducer with 
expansion exponents 0.03 0.03 0.03 0.05 0.03 0.03 0.08
0.04 0.03
Wall Transducer with 
expansion exponents
0.02 0.02 0.02 0.05 0.03 0.03 0.07 0.04 0.03
Figure 4.8 to Figure 4.15 present the ensemble-average of compression and 
expansion stroke exponents for 270 consecutive cycles for both transducers under 
varying equivalence ratio and spark timing.
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Figure 4.8. Compression and Expansion exponents versus Spark timing (18, 33,48° BTDC) for 





S.T-nc S.T-ne W.T-nc W.T-ne
Figure 4.9. Compression and Expansion exponents versus Spark timing (18, 33, 48° BTDC) for 
Spark and Wall transducers data at A,=l .3
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Figure 4.11. Compression exponents versus Lambda (X=1.0, 1.3, 1.5) at different spark timing 
(18, 33,48° BTDC), calculated based on Spark transducer data.
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Figure 4.12. Compression exponents versus Lambda (>.=1.0, 1.3, 1.5) at different spark timing 












Figure 4.13. Expansion exponents versus Lambda (>.=1.0, 1.3, 1.5) at different spark timing (18, 
33, 48° BTDC), calculated based on Spark transducer data.
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Figure 4.14. Expansion exponents versus Lambda (A,=l .0, 1.3,1.5) at different spark timing (18, 
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Figure 4.15. Average of the compression and the expansion exponents versus Lambda (A.=1.0, 
1.3, 1.5), calculated based on Spark and Wall transducers data.
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4.1.2 Burn duration
The analysis of the combustion pressure diagram plays an important role in 
diagnosing spark ignition engines. A convenient method of analyzing pressure data is the 
mass fraction burned.
Where:
x; : Mass Fraction Burned (MFB) at step i
N: Total number of combustion increments
AP*: Normalized pressure rise due to combustion
Figure 4.16 shows an example of the mass fraction burned obtained from two 
pressure transducers. The air-fuel mixture bum rate increases from a low value 
(immediately following the spark discharge) to a maximum value about halfway through 
the burning process, and then decreases to zero as the combustion process ends. 
Therefore, useful information can be obtained from the curve to characterize different 
stages of the combustion process.
61
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
End of bumWall transducer
Spark transducer
Beginning of bum
Figure 4.16. Mass Fraction Burned Profile.
Three parameters are normally used to characterize the energy-release aspect of 
combustion: flame development angle, A0d, rapid-burning angle, A0b, and overall
burning angle A90. The flame development angle is from the point of ignition to the 
point of 10% of MFB. The rapid burning is the period of crank angle of 10% to 90% of 
MFB. The sum of the development and rapid angle defines the overall burning angle. The 
flame development process is influenced primarily by the state, composition, and motion 
of the air-fuel in the vicinity of the spark plug.
One disadvantage of this method is its sensitivity to the selection of the polytropic 
index. If the compression index is used throughout the calculation, it results in a 
characteristic drop-off in the MFB (shown in Figure 4.16) curve after the end of
combustion which is due to heat transfer and the presence of combustion products. An
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accurate index would produce a curve which rose to 1.0 and remained there through to 
the end of the cycle.
In Figure 4.16 a slow burning process is observed in the last stages of combustion. 
It is believed that the cause of these “non-standard bum rate shapes” lie in crevice effects. 
The mass trapped in the crevice volume would begin to flow out during the expansion 
stroke as the bulk had achieved approximately 80-90 percent MFB [7]. It is reasonable to 
assume that, at that point in the bum, the out flowing crevice mass enters a region of 
inflamed gases or high-temperature burned mixture. This would result in an immediate 
ignition of the crevice gases and would explain the sharp change in slope of the MFB 
curve, (i.e. that the bulk gas has completed combustion and the out gassing material is 
burning as it flows from the crevices)
4.1.2.1 Calculation of burn duration
In this work the start of combustion was assumed to be the ignition point time. 
The end of combustion was assumed to occur when the average of four consecutive 
pressure increases due to combustion were zero or negative.
The crank angles at 10 and 90 percent MFB were determined by using the Rassweiler and 
Withrow [4] method. The normalized pressure rise due to combustion ( ¥ )  was 
calculated between these crank angles for each cycle. The purpose of selecting 10 and 90 
percent was to avoid the large variations in bum rates caused by the slow bum of the 
crevice gases, which are explained in part 4.1.2.
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4.1.3 Calculation of completeness of combustion X
The Advance Drive And Powertrain Testing -  Combustion Analysis System 
(ADAPT-CAS) software was used to collect the raw pressure data from two pressure 
transducers. These data comprised of three batches of 90 consecutive cycles at each 
operating point. Also the crank angles of 10 and 90 percent of mass fraction burned and 
mean polytropic exponent values were computed by ASAPT-CAS. These pressure values 
and bum parameters were transferred to a Microsoft Excel spreadsheet to calculate the 
value of the normalized pressure rise due to combustion ('P j) for each cycle.
pM - p ,
/  \ n V,
v
v Y  (+i /
V;
TDC
Subsequently completeness of combustion X was calculated by equation (9):
N
*P = Y VP J Mmean /  * i 
/=1
'PX  =  mean / q \
\j/  ̂ '
' max
Where:
X : Mean completeness of combustion
'i'mem '■ Mean value of normalized pressure rise due to combustion
^max : Maximum value of normalized pressure rise due to combustion
M : Number of cycles
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4.2 Pressure and Exhaust Emission Data Acquisitions systems
The MTS Advance Drivetrain and Powertarin Testing, Combustion Analysis 
System (ADAPT-CAS) was used to collect the row pressure data at each 1° crank angle. 
This data acquisition is able to log up to 10000 consecutive cycles of pressure data. 
Ninety consecutive cycles of the collected data was imported into Microsoft Excel 
spreadsheet in order to calculate other parameters such as and X. The constraint (of 
90 consecutive cycles only) was due to Microsoft Excel’s 16-bit spreadsheet, where only 
216 =65520 rows of data could be imported. The logging time for 90 consecutive cycles 
was 7 seconds at engine speed of 1600 rpm.
Horiba 7000 Series full exhaust analyzing system was used to sample, analyze 
and indicate the hydrocarbon concentrations in exhaust gas emissions. The sample 
exhaust gas was piped to the Horiba instrument for analysis. This created a fixed delay 
time between pressure data acquisition and the Horiba analyzer. Hence, the pressure data 
and HC concentrations could not been logged simultaneously.
In order to solve this problem and capture the pressure data related to HC concentrations, 
the following method was used:
The first step was to find the optimal HC concentration averaging time, (in order 
to avoid large variations) Hence, the exhaust gas was sampled and analyzed for HC 
concentrations using averaging time of 1, 2, 3, 4, and 5 minutes. The mean and standard 
deviation values of each interval were calculated as shown in Figure 4.17.
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Figure 4.17. HC mean and standard values for one bank and cylinder No.l, 
A, = 1.0 and 6ignition =33° BTDC
The results indicate that the mean value of unbumed hydrocarbon for the 
averaging times larger than 4 minutes, were almost constant. Thus, 4 minute data 
collection intervals were selected to sample and average HC concentrations for each 
operating point. Three individual batches of 90 consecutive cycles of pressure 
measurements were collected: one batch at the beginning, one at the middle, and the third 
one at the end of 4 minute intervals as shown in Figure 4.18.
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Figure 4.18. Time of data logging for pressure data acquisition and unbumed 
hydrocarbon concentrations data
4.3 Unburned Hydrocarbon Data Analysis
Unbumed exhaust gas hydrocarbons are one indication of incomplete combustion. 
Sztenderowicz and Heywood [9] have attempted to use these as a measure of cycle-by- 
cycle variability in completeness of combustion. Ball [3] has anticipated that this could 
be related to the average completeness of combustion (X). Thus, the mean hydrocarbon 
emission concentrations have been measured and subsequently the value of r]HC was 
calculated by equation (11).
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Where:
rjHC Hydrocarbon conversion efficiency 
[HC]in Mean intake fuel HC volume fraction 
[HC]exh Mean exhaust HC volume fraction
4.3.1 Calculation of Hydrocarbon Conversion Efficiency





Vf  : Fuel volume flow rate
Va : Air volume flow rate 
•  •
Vf  and Va were measured by fuel flow meter and air flow meter in the intake. Since the 
engine was V8 (i.e., 8 cylinders) it was assumed that the all cylinders received equal 
amounts of fuel at each cycle.
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The time-averaged mean hydrocarbon emission volume fraction {[HC]^)  was measured 
over a 4 minute interval by the Horiba analyzer gas unit. Then the values of \HC\exh and 
[HC]in were substituted into equation (11) to calculate the values of rjHC.
4.4 Cyclic Effectiveness -A New Parameter for Estimation of 
Completeness of Combustion-R.
On the basis of the arguments presented by Ball et al [3], the denominator of the
mass fraction burned expression derived by Rassweiler and Withrow ( ¥  ) represents the
pressure rise due to combustion normalized to a reference cylinder volume:
* = I T  a p ;
It is assumed that the statistically large singular value of VF (referred as 'P max) which was 
obtained by analysis of many cycles at the same operating condition corresponds to 
“complete combustion”. Other values of 'P are proportioned to this value with the 
assumption that completeness of combustion may be given by:
*P  mean
~ 'Pmax
In order to calculate T  following parameters need to be obtained:
• Compression and expansion stroke exponents
• Bum duration (start and end of combustion)
• <910 and ̂  : are the crank angle period for 10 and 90 percent of MFB, respectively
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As was explained in previous sections, each of the above parameters require a series 
of assumptions for their calculation, which is a source of uncertainties in the calculations. 
Calculations of X also require that highly accurate instruments are used to measure the 
raw data. More details about the analysis procedure of each parameter are given in 
section 4.1.
To avoid these errors and due to a concern about the calculation accuracy a new 
parameter was introduced, called cyclic effectiveness; R, which utilizes the Indicated 
Mean Effective Pressure (IMEP) to estimate completeness of combustion.
The indicated mean effective pressure is easy to calculate and provides a measure 
of the work produced for an engine cycle scaled for the engine size. IMEP is defined as
W
IMEP = —— (14)
Vd,i




Vd; is the engine displacement volume
Similarly as was the case with the normalization of vPjnean, it was assumed that the 
statistically large singular value of IMEP (referred as (IMEP) ̂ ) which is obtained by 
the analysis of many cycles at the same operating condition, corresponds to “complete 
combustion”. Other values of IMEP are proportioned to this value with the assumption 
that the ratio of the mean IMEP to maximum IMEP could be introduced as a new 
parameter of the completeness of combustion, or the cyclic effectiveness;
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R •• IMCT 05)
(IMEP)
where
IMEP : Mean value of indicated mean effective pressure 
(IM EP)^ : Maximum value of indicated mean effective pressure
The calculation of EMEPand (IMEP) ̂  does not require finding the compression
and expansion stroke exponents and does not require specifying a bum duration and the 
crank angle for 10 and 90 percent bum. Thus inaccuracies in establishing these
parameters do not enter into the calculation of IMEP or (IM EP)^ and in turn affect R.
4.4.1 Calculation of the Cyclic Effectiveness Parameter R.
Figure 4.19 illustrates a functional block diagram of the cyclic effectiveness. As 
shown, Indicated Mean Effective Pressure (IMEP) is calculated, first by using equation 
14 for each individual cycle based on pressure measurement data. The data is comprised 
of three batches of 90 consecutive cycles. The mean and maximum values of IMEP were 
found and substituted into equation 15 to calculate cyclic effectiveness (R).
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Calculation of Cyclic Effectiveness R
Figure 4.29. Functional block diagram of cyclic effectiveness
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CHAPTER 5
RESULTS AND DISCUSSION
The results of the investigation are presented in this chapter. The results are gathered in 
two sections:
1. Trends in the completeness of combustion (X), hydrocarbon conversion efficiency 
(t7hc ), and the cyclic effectiveness (R).
2. Statistical analysis of the maximum pressure (Pmax), the normalized pressure due 
to combustion (VF), and the indicated mean effective pressure (IMEP).
To assist in explaining of results it is necessary to clarify some terms, which are used in 
the graphs;
(S.T-nc)- Spark plug mounted transducer and compression stroke polytropic exponent 
(S.T-ne)- Spark plug mounted transducer and expansion stroke polytropic exponent 
(W.T-nc)- Wall mounted transducer and compression stroke polytropic exponent 
(W.T-ne)- Wall mounted transducer and expansion stroke polytropic exponent
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5.1 Trends in Averaged X, R and //HC
Figures 5.1 to 5.3 show the averaged completeness of combustion (X) versus spark 
timing at different relative air-to-fuel ratio, X = 1.0, 1.3 and 1.5. These figures present the 
results, which are calculated based upon the measured pressures by spark and wall 





Load = 394 mmHg
x
28 3818 23 33 43 48 53
Spark Timing (BTDC)
S.T-nc — S.T-ne A W.T-nc - W.T-ne
Figure 5.1. The averaged completeness of combustion versus spark timing at X = 1.0.
In Figure 5.1 we can see that the trends for both transducers and different 
polytropic exponents are approximately the same. The results indicate that the maximum 
values of completeness of combustion occur at spark timing of 33° BTDC.
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This is due to the fact that 33° BTDC is the approximate Maximum Best Torque 
(MBT) spark timing at X = 1.0. It is also evident that when the spark timing is too 
advanced (48°) or too retarded (18°) from 33°, the completeness of combustion decreases 
by 1%. The differences between traces (two transducers with using different polytropic 
indices) are at maximum, 1.5%. The wall transducer using the compression stroke 
exponent shows the highest value of completeness of combustion. In general, it can be 
concluded that changes in spark-timing do not have significant effect on completeness of 
combustion at stoichiometric operation.
Lambda = 1.3 
R PM - 1600 
Load = 394 mmHg
70 ---------------- 1-----------------1---------------- '---------------- i---------------- i---------------- 1----------------
18 23 28 33 38 43 48 53
Spark Timing (BTDC)
Figure 5.2. The averaged completeness of combustion versus spark timing at A = 1.3.
Figure 5.2 shows the averaged completeness of combustion results when X = 1.3,
which is a lean bum condition. The traces show the lowest value of X at 18 0 BTDC of
spark timing. The 18 ° is too retarded for this lean operating condition and causes a
decrease in the peak pressure. When spark timing is continuously advanced the
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completeness of combustion increases up to MBT spark timing which is located 
somewhere between 33° BTDC and 48° BTpC. The maximum differences between the 
X values are at 48° BTDC. This spark firing is too early for this lean mixture which 
results in slower burning and subsequently leads to a rise in cycle-by-cycle variation and 
variations in polytropic exponents. The wall transducer and use of the expansion stroke 
compression exponent results in higher values of X than for other combinations of 
transducer and exponent. However, the spark timing has small effect on the completeness 







Load = 394 mmHg75
S park  Timing (BTDC)
Figure 5.3. The averaged completeness of combustion versus spark timing at X = 1.5.
Figure 5.3 shows the result of the averaged completeness of combustion for very a
lean operating condition, X = 1.5. We can see that the lowest values of X are at 20°
BTDC of spark timing. This is due to a very lean air to fuel mixture that causes slow
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burning and requires more time to complete burning. Moreover, when the spark timing is
retarded too much (20°), the time allowed for complete combustion becomes very short.
i-
In this case the exhaust valve opens during the combustion process and some unbumed 
mixture escapes into the exhaust port. This causes partial burning in some cycles and 
large cycle-by-cycle variation which, results in lower combustion efficiency. When the 
spark timing is advanced continuously the X increases until the MBT spark timing, which 
it is approximately at 48° (BTDC). The results presented in Figures 5.1 to 5.3 indicate 
that, the spark timing has an increasing effect on completeness of combustion when air- 
to- fuel mixture is being leaned out.
Figures 5.4 to 5.7 show the averaged completeness of combustion plotted against 
relative air to fuel ratio (X) for a different combination of transducers and polytropic 
exponents, when spark timing was varied within the range of 18° to 48° BTDC.
It can be noticed that all figures show similar trends. When X increased (leaner 
mixture) at different spark timing, completeness of combustion is decreased. This is as 
anticipated, with the slower burning, lean operation giving rise to larger cycle-by-cycle 
variability and subsequently completeness of combustion. We can see that at X = 1.0 both 
transducers with use of different polytropic exponents indicate the same value of X 
(around 95%) and the differences start where lambda increases (i.e. X = 1.3 and 1.5). This 
is due to the fact that the calculation of X is very sensitive to the selection of the 
polytropic exponent.
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100
x
RPM = 1600 
Load = 394 mmHg 
Spark Transducer (S.T) 
Compression Index (nc)
1.0 1.2 1.31.1 1.4 1.5 1.6
1
—♦ —S.t-18 ■  s.t-33 —A—S.t-48
Figure 5.4. The averaged completeness of combustion versus Lambda, spark transducer 
and compression stroke exponent.
100
X
RPM = 1600 
Load = 394 mmHg 
Spark Transducer (S.T) 
Expansion Index (ne)
1.2 1.3 1.4 1.5 1.61.0 1.1
X
 ♦  S.t-18 ■  S.t-33 A S.t-48
Figure 5.5. The averaged completeness of combustion versus Lambda, spark transducer 
and expansion stroke exponent.
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RPM = 1600 
Load = 394 mmHg 
Wall Transducer (W.T) 
Compression Index 
(no)
1.2 1.31.0 1.1 1.4 1.61.5
X
—»— s.t-18 — s.t-33 —A -S .t-48
Figure 5.6. The averaged completeness of combustion versus Lambda, wall transducer 




RPM = 1600 
Load = 394 mmHg 
Wall Transducer (W.T) 
Expansion Index (ne)
1.61.3 1.41.1 1.2 1.51.0
—• — s.t-18 s.t-33 *  s.t-48
Figure 5.7. The averaged completeness of combustion versus Lambda, wall transducer 
and expansion stroke exponent.
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Since cycle-by-cycle variation is increased by lean conditions this causes large 
variation in polytropic exponent values and subsequently a variation in completeness of 
combustion. As previously mentioned in Chapter 4, the polytropic exponents are 
calculated from the measured pressure data, therefore the values of polytropic exponents 







33 38 43 48 53282318
Spark Timing (BTDC)
—-♦— Lambda=1 —■— Lambda=1.3 —* — Lambda=1.5
Figure 5.8. The averaged hydrocarbon conversion efficiency versus spark timing for all 
operating conditions.
Figure 5.8 shows the averaged hydrocarbon conversion efficiency against spark 
timing when X is varied within the range 1.0 to 1.5. The hydrocarbon efficiency is almost 
constant at different spark timing when X = 1.0 and 1.3, but at X = 1.5, the hydrocarbon 
efficiency shows an increase when spark timing is increased from 28° to 48° BTDC.
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This trend marks an approach towards the MBT of spark timing at this lean condition 
point.
100
RPM = 1600 
Load = 394 mmHg
1.31.1 1.2 1.4 1.5 1.61
__________ Lambda___________
s.t-18 M s.t-33 A s.t-48
Figure 5.9. The averaged hydrocarbon conversion efficiency versus Lambda for all 
operating conditions.
Figure 5.9 presents the averaged hydrocarbon conversion efficiency versus 
Lambda at different spark timing. The results at all conditions follow the same trend, 
when X is increased the hydrocarbon conversion efficiency decreases. This can be 
attributed to the slow down of combustion at leaner conditions. The maximum and 
minimum values are for the stoichiometric mixture at X = 1.0, and the lean mixture X 
1.5. respectively. It should be noted that the average hydrocarbon conversion efficiency 
cannot be used to evaluate completeness of combustion for following reason. The 
definition of the jjbc does not take into account CO concentration in the exhaust, which 
represents an incompletely oxidized fuel.
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Figures 5.10 and 5.11 illustrate the averaged cyclic effectiveness, R, (the IMEP 
normalized by IMEPmax) against spark timing at different Lambda for wall and spark 
transducers, respectively. Both transducers show similar trends with changes of spark 
timing and mixture strength.
The minimum of R is at spark timing of 18° BTDC for both transducers for the used 
range of Lambda. The R increases by advancing the spark timing up to the MBT of spark 
timing and decreases when spark timing moves away from the MBT of spark timing. The 
stoichiometric mixture shows about 1 % variation in R, in other words, the spark timing 
does not affect R significantly. In the two other cases, X = 1.3 and X = 1.5, spark timing 
has more influence on R.
100
oc
RPM = 1600 
Load = 394 mmHg 
Wall Transducer (W.T)
43 4828 33 38 532318
Spark Timing
♦  Lambda=1 ■  Lambda=1.3 -A— Lambda=1.5
Figure 5.10. The averaged cyclic effectiveness versus spark timing for all operating 
conditions, Wall Transducer.
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RPM = 1600 
Load = 394 mmHg 
Spark Transducer (S.T)75
70
23 28 33 3818 43 48 53
Spark timing 
Lambda = 1 ■ Lambda=1.3 A Lambda=1.5
Figure 5.11. The averaged cyclic effectiveness versus spark timing for all operating 
conditions, Spark Transducer.
The results of the averaged cyclic effectiveness plotted against Lambda for spark 
and wall transducers at different spark timing are shown in Figures 5.12 and 5.13, 
respectively. Both transducers indicate similar trends at different operating conditions. 
The results show that R decreases when Lambda is increased. Again, the maximum R 
(-96%) occurs at X = 1.0 at the point of the MBT spark timing. The minimum R (-72%) 
is at X = 1.5, with spark timing of 18° BTDC. It is noteworthy that there are a little 
differences of R between the two transducers at different operating conditions. This could 
be due to the fact that R (in this method) is directly calculated from measured pressure 
data and not using polytropic exponents.
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RPM = 1600 




1.2 1.31.11 1.4 1.5 1.6
X
♦  s.t-18 —• — s.t-33 A— s.t-48 |







RPM = 1600 




1.31.2 1.4 1.5 1.61.11
/I
»■■■■-S.t-18 •  s.t-33 A S.t-48 j
Figure 5.13. The averaged cyclic effectiveness versus Lambda for all operating 
conditions, Spark Transducer.
84
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The results of averaged temperature of cylinder No.l (at exhaust runner) against 
Lambda are illustrated in Figure 5.14. The temperature decreases with increasing 
Lambda. The maximum temperature (1100 K) is observed at X = 1.0 and the spark timing 
of 33 °. And the minimum temperature (-900 K) is at the very lean condition, i.e. X= 1.5, 
and a spark timing of 48°. This is as anticipated, lean operation causes lower flame 
temperature, which results in a drop in cylinder pressure and consequently lower 
temperature of the exhaust gases.
1200
1000
c r  800
600
H 400
RPM = 1600 
Load = 394 mmHg
200
0
1.21.1 1.3 1.4 1.5 1.61
Lambda
S.t-18 - ■  s.t-33 A S.t-48
Figure 5.14. The averaged temperature of the cylinder # 1 versus Lambda for all 
operating conditions.
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In Figures 5.15 to 5.24 the correlations between the averaged completeness of 
combustion (X), the averaged hydrocarbon conversion efficiency ( t)hc ) and the 
averaged cyclic effectiveness (R) are shown for all operating conditions and 
combinations of transducers and polytropic exponents.
In Figures 5.15 to 5.18 the averaged values of X, are plotted against the fuel 
conversion efficiency, J]uc . In Figures 5.19 to 5.20 the averaged cyclic effectiveness, R,
versus the fuel conversion efficiency, r/HC are shown.
It can be seen that X and R follow similar trends for all the conditions. The 
averaged values of R, X, and rjEC decrease, as the mixture becomes lean. In addition, the
correlations of X and R with r/RC become poor. This could be due to the tjhc not 
accounting for CO as a product of incomplete combustion. In other words rjRC does not 
indicate completeness of combustion. At some conditions (e.g. Fig. 5.20), the cyclic 
effectiveness parameter, R, demonstrates better correlation with tjhc than the combustion 
completeness, X.
In Figures 5.21 to 5.24 the correlations between the averaged completeness of 
combustion (X) and the averaged cyclic effectiveness (R) for all combinations of 
transducers with polytropic exponents are shown. It is important to keep in mind that R is 
the IMEP normalized by IMEPmax for the IMEP distribution, and X is the T normalized 
by the T'max for the 'F distribution. The data correlate well and are gathered around the 
diagonal for all operating conditions. However, there is more sensitivity to the relative air 
to fuel ratio, X, and to the spark timing.
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Figure 5.15. The averaged completeness of 
combustion plotted versus the averaged 
hydrocarbon conversion efficiency for all 
operating conditions, Spark Transducer (S.T) 
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r2 = 0.9212
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Figure 5.16. The averaged completeness of 
combustion plotted against the averaged 
hydrocarbon conversion efficiency, for 
operating conditions, Wall Transducer (W.T) 
with compression stroke exponent
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Figure 5.17. The averaged completeness of 
combustion plotted against the averaged 
hydrocarbons conversion efficiency for all 
operating conditions, Spark Transducers.T) 
with expansion stroke exponent.
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s.t  = 48
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Figure 5.18. The averaged completeness of 
combustion plotted against the averaged 
hydrocarbon conversion efficiency, for 
operating conditions, Wall Transducer (W.T) 
with expansion stroke exponent.
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Figure 5.19. The averaged cyclic effectiveness plotted against the fuel averaged 
conversion efficiency for all operating conditions, Spark Transducer (S.T).
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Figure 5.20. The averaged cyclic effectiveness plotted against the fuel averaged 
conversion efficiency for all operating conditions, Wall Transducer (W.T).
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Figure 5.21. The averaged completeness of 
combustion plotted versus the averaged cyclic 
effectiveness for all operating condition,
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Figure 5.22. The averaged completeness of 
combustion plotted versus the averaged cyclic 
effectiveness for all operating condition,
Wall Transducer (W.T) with compression 
stroke exponent.
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Figure 5.23. The averaged completeness of 
combustion plotted versus the averaged cyclic 
effectiveness for all operating condition , 
Spark Transducer (S.T) with expansion 
stroke exponent
Figure 5.24. The averaged completeness of 
combustion plotted versus the averaged cyclic 
effectiveness for all operating condition,
Wall Transducer (W.T) with compression 
stroke exponent
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5.2 Statistical analysis of pmax, Y and IMEP
The frequency distributions of p,nax, T and IMEP (for both transducers) are shown 
in Figures 5.25 to 5.28, for varying spark timing (left to right) and relative air to fuel 
ratio, X, (top to bottom), respectively. The statistical parameters of these distributions are 
presented in Tables 5.1, 5.2, 5.3and 5.4, respectively. The distributions vary with the 
change of operating condition.
In Figure 5.25 the p ^  distributions indicate a broad distribution at all operating 
conditions, even around the MBT of spark timing. The change of X and spark timing does 
not have significant effect on the distribution. The distribution width does not change 
much, as shown by cr values in Table 5.1., the mean value of pmax shifts only according 
to operating conditions. In general pmax distributions do not characterize cycle-by-cycle 
variation very well.
In Figures 5.26 to 5.28, the distributions become tight around the best torque spark 
timing for given X. (e.g. at 33° crank angle for X =1), and become broader when the 
mixture becomes leaner. Such a trend is less obvious in the T distributions, where a 
continuous broadening of distributions with advancing spark timing occurs. However, the 
VP and IMEP pressure distributions become broader as lambda increases regardless of the 
spark timing. The general similarity of these distributions suggests that they can be used 
interchangeably in deriving parameters to characterize cycle-by-cycle variation or 
completeness of combustion. It is noteworthy that the distributions of IMEP measured by 
wall and spark transducers are almost the same. It does suggest that, one can use a spark 
transducer instead of a wall transducer.
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Figure 5.25. The frequency distributions of pmax, for varying spark timing (left 
to right) and relative air to fuel ratio, X, (top to bottom).
Table 5.1. Statistical parameters of the Pmax distributions s
Case 1018 1033 1048 1318 1333 1348 1518 1533 1548
Lambda 1.0 1.0 1.0 1.3 1.3 1.3 1.5 1.5 1.5
Ignition (°BTDC) 18 33 48 18 33 48 18 33 48
nc 1.36 1.33 1.35 1.35 1.35 1.34 1.35 1.35 1.34
ne 1.29 1.30 1.31 1.23 1.31 1.32 1.25 1.28 1.32
Mean Pmax (bar) 14.40 22.11 26.38 11.48 17.76 21.92 11.63 14.12 17.24
Max Pmax (bar) 17.48 24.58 28.02 14.38 20.64 23.94 20.11 16.93 20.34
ct of Pmax (bar) 1.15 1.05 0.73 1.02 1.12 0.93 2.39 1.065 1.232
CoV Pmax (%) 8.01 4.74 2.77 8.95 6.31 4.26 20.57 7.54 7.144
Skew Of Pmax -0.32 -0.40 -0.56 0.25 -0.14 -0.63 1.33 -0.09 -0.20
Kurt of Pmax 0.27 0.17 0.17 -0.31 -0.09 1.03 1.13 -0.23 -0.25
lown in Fig. 5.25.
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Figure 5.26. The frequency distributions of T for varying spark timing (left 
to right) and relative air to fuel ratio, X, (top to bottom).
Table 5.2. Statistical parameters 0 :'the 'F cistributions shown in Fig. 5.26.
Case 1018 1033 1048 1318 1333 1348 1518 1533 1548
Lambda 1.0 1.0 1.0 1.3 1.3 1.3 1.5 1.5 1.5
Ignition (BTDC) 18 33 48 18 33 48 18 33 48
nc 1.36 1.33 1.35 1.35 1.35 1.34 1.35 1.35 1.34
He 1.29 1.30 1.31 1.23 1.31 1.32 1.25 1.28 1.32
y mean (b»r) 18.13 17.22 16.59 14.99 14.81 14.22 13.45 12.56 12.68
^  (bar) 18.88 17.82 17.42 16.39 15.50 14.84 17.15 13.80 13.70
CT0 f  'T (bar) 0.27 0.26 0.31 0.55 0.28 0.22 1.65 0.56 0.37
CoV of W (%) 1.48 1.54 1.90 3.67 1.92 1.55 12.28 4.50 2.90
Skew of ¥ -0.24 -0.05 -0.26 -0.12 0.05 -0.17 0.11 -0.57 -0.15
Kurt of T 0.13 -0.36 -0.17 -0.26 -0.31 -0.10 -0.26 1.14 0.78
X (%) 96.00 96.62 95.24 91.45 95.56 95.82 78.45 91.00 92.55
95
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
® 20%
1.5 2.0 2.5 3.0 3.5 4.0 4.5 
IMEP (bar)













o  20% 
B




80 30% 80 30%
70 25% 70 25%
60 B B 60 B B •o °  20% i o °  20%50 B B 50 B B i
40 | E  15%Q I 40 i I  15% t*
30 E3 |  10% 1 30 E3 % 10% 1
20 Z 0. 1 20 Z Q. ■
10 5% I 10
5% 1.-JiHuik--------------------- 0 0% A . 0 0% 1
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
IMEP (bar)
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
IMEP (bar)
50 g  
40 |  
30 E 
20 Z  10



























1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
IMEP (bar)
Figure 5.27. The frequency distributions of IMEP for varying spark timing (left 
to right) and relative air to fuel ratio, X, (top to bottom), Wall Transducer (W.T).
Table 5.3. Statistical parameters of the IM P distributions shown in Fig. 5.27.
Case 1018 1033 1048 1318 1333 1348 1518 1533 1548
Lambda 1.0 1.0 1.0 1.3 1.3 1.3 1.5 1.5 1.5
Ignition (BTDC) 18 33 48 18 33 48 18 33 48
nc 1.36 1.33 1.35 1.35 1.35 1.34 1.35 1.35 1.34
He 1.29 1.30 1.31 1.23 1.31 1.32 1.25 1.28 1.32
Mean (IMEP) bar 3.75 3.94 3.75 2.97 3.30 3.21 2.69 2.70 2.84
Max (IMEP) bar 3.91 4.03 3.92 3.37 3.41 3.33 3.73 3.10 3.06
a  of IMEP (bar) 0.07 0.02 0.06 0.14 0.04 0.04 0.46 0.15 0.09
CoV of IMEP (%) 1.97 0.62 1.67 4.84 1.35 1.21 17.36 5.46 3.01
Skew of IMEP -0.78 -0.13 -0.14 -0.09 -0.53 -0.17 0.43 -0.79 -0.46
Kurt of IMEP 1.52 1.14 -0.11 0.08 0.44 0.05 -0.41 1.12 0.47
R(%) 96.09 97.84 95.55 88.24 96.71 96.30 72.27 87.01 92.64
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Figure 28. The frequency distributions of IMEP for varying spark timing (left to 
right) and relative air to fuel ratio, X, (top to bottom), Spark Transducer (S.T).
Table 5.4. Statistical parameters of the imep distributions shown in Fig. 28.
Case 1018 1033 1048 1318 1333 1348 1518 1533 1548
Lambda 1.0 1.0 1.0 1.3 1.3 1.3 1.5 1.5 1.5
Ignition (BTDC) 18 33 48 18 33 48 18 33 48
ne 1.36 1.33 1.35 1.35 1.35 1.34 1.35 1.35 1.34
He 1.29 1.30 1.31 1.23 1.31 1.32 1.25 1.28 1.32
Mean (IMEP) bar 3.44 3.53 3.29 2.76 2.98 2.84 2.51 2.49 2.59
Max (IMEP) bar 3.59 3.66 3.49 3.11 3.09 3.03 3.35 2.85 2.81
a  of IMEP (bar) 0.06 0.04 0.08 0.13 0.04 0.05 0.41 0.13 0.08
CoV of IMEP (%) 1.79 0.99 2.36 4.55 1.50 1.82 16.21 5.17 3.05
Skew of IMEP -0.66 -0.10 -0.11 -0.13 -0.13 0.15 0.31 -0.78 -0.07
Kurt of IMEP 1.17 0.91 -0.26 0.00 0.02 0.31 -0.42 1.41 0.18
R (%) 95.88 96.51 94.26 88.78 96.47 94.01 74.95 87.57 92.26
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The coefficient of variation of peak pressure (pmax), normalized pressure (T) and 
IMEP are plotted against spark timing and air to fuel ratio, X, for all operating conditions, 
respectively in Figures 5.29 to 5.34. It should be noted that in these Figures the measured 
data from wall transducer and compression stroke exponents were used.
The CoV of pmax, 'F and IMEP decrease with increasing spark timing up to the 
MBT spark timing, which is different for each X.
The results show that the coefficient of variation of IMEP and T are more 
sensitive to air to fuel ratio, X, than spark timing. However, it can be seen the coefficient 
of variation of peak pressure is fairly sensitive to the changes on ignition timing and air to 
fuel ratio, X. In general, the coefficient of variation of IMEP and 'F are minimum in the 
region of MBT ignition timing. This means that any uncertainty in locating MBT ignition 
timing has a lesser effect on the coefficient of variation of IMEP than the coefficient of 
variation of the maximum cylinder pressure.
The peak pressure is often used to present cycle-by-cycle variation, since it is easy 
to measure. However, the IMEP is probably the parameter with the most relevant to the 
overall engine performance [2].
It is noteworthy that there are no direct links between the coefficients of variation 
of the peak pressure and the IMEP, they can also respond to variables in opposite ways 
for example, at X.=1.5, CoV of pmax, decreases when spark timing is advanced but CoV of 
IMEP is increased.
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Figure 5.30. CoV of normalized pressure versus spark timing at different Lambda.
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Figure 5.32. CoV of peak pressure versus Lambda at different spark timing.
100







0 -1 1 1 1 1 1 ! ; .........
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
X
♦ "S.t-18 S.t-33 A—S.t-48 j







0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
X
♦  S.T=18 ■  S.T=33 S.T=48
Figure 5.34. CoV of IMEP versus Lambda at different spark timing.
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Figures 5.35 to 5.37 illustrate correlations between the coefficient of variation of 
Pmax, 'P, and IMEP for all spark timing and relative air to fuel ratio.
For well-correlated variables, the data points should line up along the graph 
diagonal, or follow the same trend line. The CoV data for the pmax and ¥  in Fig. 5.35, and 
the pmax and IMEP in Fig. 5.36, correlate poorly. In Fig. 5.37, the CoV of ¥  versus the 
CoV of IMEP is depicted and good correlation is demonstrated. This observation 
corroborates the hypothesis that the IMEP distribution contains as much information 
about combustion period as the T  distribution does. The results in the figures indicate 
also that leaning of the charge increases coefficient of variation while the CoV of the 
examined parameters are not much sensitive to the spark timing.
y = 0.6344X  + 5 .0 9 6 6  
r2 = 0 .9 5 0 7
0 .4 1 14x + 4 .5 8 9 3  
r2 = 0 .8 3 2 5
4  = 1 .7732x  + 0 .5 6 7 4  
r2 = 0 .8 3 5 3
20 2510 150 5
(CoV) T (%)
♦  S.T=18 ■S.T=33 AS.T=48
Figure 5.35. The maximum pressure cycle-by-cycle variations versus the completeness 
of combustion cycle-by-cycle variations for all operating conditions.
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Figure 5.36. The cycle maximum pressure cycle-by-cycle variations versus the indicated 
mean effective pressure cycle-by-cycle variations for all operating conditions.
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Figure 5.37. The completeness of combustion cycle-by-cycle variations versus the 
indicated mean effective pressure cycle-by-cycle variations for all operating conditions.
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5.3 Uncertainty Analysis
Estimates of the uncertainty associated with the experiment were calculated by 
implementing a single-measurement uncertainty analysis as following:
For both types of Kistler transducers (Wall and Spark) the uncertainty as supplied by the 
manufacturer was equal to 0.1% FSR and amount to 0.05 bar. The uncertainty in the CAS 
system was supplied by the manufacturer and was given to be 1.0 % FSR and amount to
0.5 bar. Therefore, the uncertainty associated with instrument error is:
AP = V0.52 +0.022 = 0.5004bar
5.3.1 Uncertainty Associated with Completeness of combustion -X
The completeness of combustion was calculated using the following expression:
W  mean
Therefore, the uncertainty associated with X is:





\  x  max
where AxFmean and A T '^  are calculated from following equation:
V,*.=z:
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5.3.2 Uncertainty Associated with Cyclic effectiveness-R
The cyclic effectiveness (R) was calculated using the following expression:
R = IMEP
(IMEP)r






Cim e p )2
A(IMEP)I





AtlM EP)^ and AIMEP = (dIMEP . J
2 (dIMEP >2 '
y .AP + ---------A V
e I dP I dV
1 / 2
Figures 5.38 and 5.39 show the mean values and standard deviations of the cyclic 
effectiveness, R and the completeness of combustion X.
105
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100
DC
1018 1013 1048 1318 1333 1348 1518 1533 1548
Figure 5.38. Cyclic effectiveness R and its SD for all operating conditions.
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Figure 5.38. completeness of combustion X and its SD for all operating conditions.
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CHAPTER 6
SUMMARY, CONCLUSIONS, AND 
RECOMMENDATIONS
6.1 Summary and Conclusions
This study has focused on separate analysis techniques, which estimate the 
completeness of combustion in SI engines.
The first analysis technique involves calculating a parameter called completeness 
of combustion (X), which is derived from in-cylinder pressure data analysis. The second 
technique involves calculating a hydrocarbon conversion efficiency ( r/HC) from unbumed
hydrocarbon exhaust emission data. The third parameter, called cyclic effectiveness (R), 
is derived from analysis of the indicated mean effective pressure for number of engine 
cycles.
The cyclic effectiveness and completeness of combustion parameters capture the 
cycle-by-cycle variations in an internal combustion engine. The cyclic effectiveness 
parameter correlates well with the combustion completeness parameter, suggesting that
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both parameters could be interchangeably used in calculating completeness of 
combustion. The calculation of the cyclic effectiveness parameter avoids several 
assumptions and arbitrarily chosen variables necessary when calculation of the 
combustion completeness is performed (such as polytropic exponents and bum 
durations). The cyclic effectiveness parameter (R) correlates better than the combustion 
completeness parameter (X) with the fuel conversion efficiency parameter ( rjHC).
Also in this research a comparative study was conducted using the same calculated 
parameters (such as completeness of combustion, hydrocarbon efficiency and cyclic 
effectiveness) using as follows:
• Wall and Spark plug transducers
• Compression and expansion stroke exponents
• Runner and the bank exhaust emission sampling line locations
The Kistler wall transducer has shown higher values of completeness of 
combustion (X) than the spark plug transducer. But in the case of new parameter, cyclic 
effectiveness (R), both transducers have provided results which are very close to each 
other. This means that, in order to calculate X, an accurate pressure transducer is 
required, that will reduce the thermal shock effects in the pressure data, (and 
subsequently inaccuracy in the completeness of combustion parameter) In the case of 
cyclic effectiveness R, the spark plug transducer can be used in place of the wall 
transducer, which will result in reduction of set-up time and cost.
Compression stroke indices fluctuate more than expansion stroke indices at any 
given operating condition.
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In terms of the sampling locations, the differences between exhaust gases from 
cylinder N o.land the first bank of the engine are not significant. The difference is about 
100 ppm, and in comparison to an average fuel concentration at intake which is about 
18000 ppm, is negligible.
6.2 Recommendations
• It is recommended that for the calculation of completeness of combustion X, a 
water-cooled transducer be used to measure pressure data.
• To better correlate completeness of combustion, X and cyclic effectiveness, R 
with hydrocarbon conversion efficiency, it is recommended that CO 
concentrations in the exhaust be accounted for.
• The data obtained of this study was at fixed engine speed and load. It is 
recommended to perform the measurements at the varying engine speed and load.
• For future investigation it is recommended that a fast response flame ionization 
detector (FID) be acquired to measure HCs on a cyclic basis.
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Figure A.2. Schematic of Kistler Wall Transducer 6052A1.
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Figure A.4. Schematic of Kistler Spark Transducer 6117
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Figure A.5. Calibration Certificate for Kistler Wall Transducer 6052A
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Figure A.6. Calibration Certificate for Kistler Wall Transducer 6052A
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APPENDIX B
M s p o r t  =  1 ' 3 4  a n d  S D  =  O '1 1
( n c ) w i i  = l-3^ and S D  =0.11
Samples
Cyll SparkPOLYERT Cyll WallPOLYERT
( n e)spark =  ! - 3 7  <™d  S D  =0.03 
i n e)watt  =1-29 and S D =  0.02
1A
Samples
Figure B.l. Compression and Expansion exponents for 90 consecutive cycles,
A = 1.0 and 9jgnition =18° BTDC .
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Figure B.2. Compression and Expansion exponents for 90 consecutive cycles,
A = 1 .0 a n d £ U -= 3 3 , BTDC.
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Figure B.3. Compression and Expansion exponents for 90 consecutive cycles,
A = 1 .0and^,,,„=48°B T D C .
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Figure B.4. Compression and Expansion exponents for 90 consecutive cycles,
2 = 1 .3 a n d ^ (,,„=18°BTDC.
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Figure B.5. Compression and Expansion exponents for 90 consecutive cycles,
i  = 1 .3 a n d ^ !,,„=33°BTDC.
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=1-32 and SD =0.03
Samples
Figure B.6. Compression and Expansion exponents for 90 consecutive cycles,
A = 1.3 and 0ignition = 48° BTDC .
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Figure B.7. Compression and Expansion exponents for 90 consecutive cycles,
A = 1.5 and 0ignition = 28° BTDC.
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Figure B.8. Compression and Expansion exponents for 90 consecutive cycles,
A = 1 .5 an d < ^= 3 3 * B T D C .
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Cyll SparkPOLYCRT
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Figure B.9. Compression and Expansion exponents for 90 consecutive cycles,
A = 1 .5 a n d ^ ,,on=48°BTDC.
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Figure B.10. Compression and Expansion exponents for 90 consecutive cycles,
2 = 1 .5 a n d ^ (,,„=52°BTDC.
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